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Cavity-Q Aging Observed via an
Atomic-Candle Signal

John G. Coffer, Brett Sickmiller, and James C. Camparo

Abstract—Slow variations in cavity-Q and microwave
power are thought to play a role in the long-term frequency
stability of gas-cell atomic clocks. Here, we use an atomic-
candle method to study the aging of a TEp11 microwave
cavity’s resonant frequency and quality factor when a glass
resonance cell containing Rb87 loads the cavity. Our results
suggest that the alkali vapor coats the inside glass surface
of the resonance cell with a thin metallic film; and that, as
this film evolves, the quality factor degrades. (In our exper-
iments the quality factor changed by ~30% over a timescale
of months.) More generally, the present work demonstrates
the efficacy of the atomic-candle method for investigating
cavity resonances. In particular, we show that, when used
in conjunction with more traditional methods, the atomic-
candle method has the potential to reveal information on a
cavity mode’s spatial profile.

I. INTRODUCTION

HOUGH documented, it is not always appreciated that
Tthe gas-cell atomic clock’s output frequency depends
on the electrical characteristics of the clock’s microwave
cavity, specifically the cavity’s resonant frequency, w,, and
quality factor, Q.. Two mechanisms are primarily respon-
sible for this sensitivity, the position-shift effect [1], [2]
and a cavity-pulling effect [3]. As a consequence, since the
late 1980s there have been suggestions that the long-term
stability of gas-cell clocks might be influenced by the mi-
crowave cavity [4], [5]. Therefore, it comes as a surprise
to find a dearth of studies in the open literature dealing
with this issue. Although some authors have considered
the magnitude of the cavity-pulling effect [6], [7], and oth-
ers have considered the design of compact, dielectrically
loaded cavities for miniaturized devices [8]-[10], we know
of no studies addressing potential deterministic/stochastic
variations of either w, or Q. in the gas-cell clock. Of course,
it is well-known that, for an unloaded microwave cavity, w,
will change in response to the cavity’s temperature, pri-
marily as a result of thermal expansion [11]. However, in
the case of gas-cell clocks, a glass resonance cell loads the
microwave cavity. Because the resonance cell contains an
alkali vapor, the cell’s inside surface will become coated
with a thin conducting metallic film [12], and this could
lead to a non-negligible increase in the rate at which modal
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field energy is lost. Consequently, one could easily imagine
the loaded cavity’s resonant frequency and quality factor
changing as a rubidium film slowly evolved on the reso-
nance cell’s inner surface.

In this work, we describe experiments examining the
temporal behavior of a microwave cavity’s resonant fre-
quency and quality factor when loaded by an alkali-
containing glass resonance cell. To this end, we have taken
advantage of the atoms’ atomic-candle signal [13], which is
an atomic measure of microwave field strength [14]. With
our atomic-candle method we are able to probe the field in-
side the cavity at the location in which the atoms generate
the atomic clock signal (i.e., we perform a local measure-
ment of field strength). In more standard techniques for
studying cavity resonances (e.g., transmitted power meth-
ods [15]), global cavity field strength is measured. In Sec-
tion II we describe the atomic-candle signal and our exper-
imental method. In Section III, we report on the long-term
aging of w, and @, due to what we hypothesize is a redis-
tribution of rubidium metal within the resonance cell. We
conclude with a discussion of the atomic clock stability
issues raised by our findings.

II. ATtoMiCc-CANDLE METHOD FOR MEASURING A
CAVITY’S RESONANCE

Over the past decade, researchers have come to recog-
nize that atomic systems can exhibit parametric or Rabi-
resonances [16], [17], in which this particular type of res-
onant behavior arises from an atom’s interaction with
a modulated field. Briefly, the modulated field induces
atomic population oscillations, and the amplitude of these
oscillations, dpop, exhibits resonance when the field’s mod-
ulation frequency, w.,, matches the atom’s Rabi frequency,
Q) [18].1 There are at least two different types of Rabi-
resonance [13], and one of these finds application in a de-
vice called an atomic candle, in which field amplitude is
locked to the peak of the Rabi-resonance in much the same
way as field frequency is stabilized in an atomic clock [19],
[20]. As discussed elsewhere [13], the atomic-candle signal
has the form:

-1
ot (2)0]
6pop ~ 2’)/1 ) (1)
V(13 B? — 41202)? + ahtoRu?,

1For the magnetic dipole trausition considered here, Q = E%—Ei,
where ppg is the Bohr magneton and B is the microwave magnetic
field amplitude.

0885-3010/$20.00 © 2004 IEEE
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Fig. 1. (a) Example of an atomic-candle-type Rabi-resonance line-
shape as used in the present experiment. Note that when the atoms
experience a specific value of the microwave magnetic field strength,
the amplitude of the modulation-induced atomic population oscilla-
tions increase dramatically. (b) llustration of our use of the atomic-
candle method to measure cavity resonance as discussed in the text.
For different values of the cavity length, we measure the external
gain required to tune the field back to the atoms’ Rabi-resonance

peak.

where 7; and 7, are the longitudinal and transverse atomic
relaxation rates, respectively. This signal is illustrated
in Fig. 1(a), in which experimental values of dpop are
plotted as a function of the microwave magnetic field
strength in our cavity. (Our method for measuring dpop
will be discussed more fully later.) As Fig. 1(a) shows,
there is a sharp resonant increase in dpop when B =
Bies = 2hwm /pp.2 With regard to present considerations,
Fig. 1(a) indicates that atoms can act as sensors of elec-
tromagnetic field strength via their atomic-candle signals;
for a specific value of the modulation frequency, the max-
imum value of d,0p OcCcurs at a unique value of the cav-

2Because the field strength in the cavity varies linearly with the
square root of the power fed into the cavity, we calibrated our ex-
ternal attenuator to field strength by taking advantage of the Rabi-
resonance condition. Considering the attenuator as providing a fixed
gain, G, to the microwave signal, Gres = Bires = 2hwm /1B, where
Ghres is the external attenuator setting (or gain) that gives rise to the
Rabi-resonance peak.
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ity’s field strength.® Fig. 1(b) illustrates how we used this
idea to measure a microwave cavity’s resonant frequency
and quality factor. Briefly, for different values of the cavity
length, we adjusted the external gain (i.e., attenuator) of
the microwave signal in order to keep the microwave field
strength in the cavity at the Rabi-resonance peak.

For an ideal cylindrical T'Empp cavity mode excited by
a fixed microwave frequency (e.g., the ground-state hyper-
fine transition frequency of Rb®7 at 6834.7 MHz, wns/27),
the field energy in the cavity, B2, can be written as [23]:

2
Whfs 9
(55) -
zﬁ&i%% >
2Q.

wlzlst?nnp

where L is the cavity length; Lumnp is the specific length
associated with the mnp-mode’s resonance (for input fre-
quency whss), and B2 is the resonant field energy in the
cavity. Note that BZ is proportional to the setting of the
external attenuator (expressed as a signal gain factor), G.
Using a microwave field with relatively slow phase mod-
ulation (i.e., wpn/27 = 102 — 103 Hz), we induce atomic
population oscillations; and, for a particular value of L,
adjust the external gain to maximize the amplitude of the
atomic population oscillations. Considering (1), we “tune”
B (via the external gain) to the atomic-candle signal’s
peak. For this level of external gain, (1) indicates that
B(L) = 2hwm/ 1B, and we label this particular gain Gres.
Because B? ~ G, we can rearrange (2) to yield:

( B >2 <whfs)2
1 27me 2Qc
~ : 3)
Gires (L— I )2 ('/Tpc)4 + (whfs :
mop 2Qc

LUﬁstg
where we have approximated Lyynp with the nominal cav-
ity length L, in the factor that multiplies the cavity-length
term in the denominator. Thus, a plot of G as a func-
tion of L yields the cavity resonance lineshape and allows
for a determination of Lmnp and Q.. Not to belabor the
point, (3) represents a local measure of the cavity’s reso-
nance, because the atoms in the cavity (frozen in place on
the time scale of a Rabi period) sense the field strength
in the particular region where the atomic-candle signal is

generated and probed.

B? =

(L - Lmnp)

1I1. EXPERIMENTAL ARRANGEMENT

Fig. 2 shows a block diagram of our experimental ar-
rangement. Light from a diode laser was tuned to the

3We note that our atomic-candle method is one of a several tech-
niques developed to measure cavity characteristics using an atom’s
Rabi frequency; see for example (21]. Additionally, a number of years
ago we developed a method for measuring local field strengths in a
cavity using adiabatic rapid passage (ARP) [22]. However, due to the
resonant nature of the atomic-candle signal, we believe the present
method is more accurate than our previous ARP technique.
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Fig. 2. Experimental arrangement.

Rb7 D, transition at 794.7 nm (i.e., 528;2(F = 2) —
52Py jo(F’ = 1)), attenuated by neutral density filters, then
expanded and apertured to a final diameter of 0.8 cm with
I = 3.5 uW/cm?. (Given the 520 MHz Doppler broadening
of the optical transition, we were just able to resolve the
812 MHz splitting between the F/ = 1 and F' = 2 hyper-
fine states.) The laser beam passed into a resonance cell
containing isotopically enriched Rb®" along with 10 torr
Ny, which was housed in a cylindrical TEp1; microwave
cavity nearly resonant with the ground-state hyperfine
transition at 6834.7 MHz. The copper microwave cavity
was constructed in two pieces, so a threaded end cap could
be screwed in or out to change the cavity length.* Radi-
ally, the 7070 glass resonance cell (Corning Inc., Corning,
NY) fit snugly into the cavity. It had a length of ~5.6 cm
(i.e., L,) and a diameter, 2R, of 5.7 cm; and it was heated
with braided windings wrapped on the copper cavity body
to about 35°C corresponding to a Rb vapor density of
~ 6 x 10'° cm™3 [24]. The cavity and cell were centrally
located in a set of three mutually perpendicular Helmholtz
coils: two pairs zeroed out the Earth’s residual magnetic
field, and the third provided a quantization axis for the
atoms (i.e., z-axis) parallel to the laser propagation direc-
tion and cavity symmetry axis: B; pc ~ 400 mG. Trans-
mission of the light through the vapor was monitored with
a Si photodiode.

4We measured the change in cavity length per cylinder turn, then
checked that this was consistent with the documented threading of
the end cap.

F=1

794.7 nm

5%S, F=2

F=

In the absence of microwaves resonant with the (F' = 2,
mp = 0) — (1,0) hyperfine transition (i.e., 0-0 transi-
tion), depopulation optical pumping reduced the density
of atoms in the F = 2 absorbing state [25] and, conse-
quently increased the amount of light transmitted through
the vapor. However, when the resonant microwave signal
was present, atoms returned to the F = 2 state, thereby
reducing the amount of transmitted light. The transmitted
laser intensity thus acted as a measure of atomic popula-
tion in the F = 2 level, so any microwave-induced oscil-
lation of this population was observed as oscillations in
the transmitted light and appeared as a bright line on
the spectrum analyzer. Because our atomic-candle signal
is associated with population oscillations occurring at 2w,
[13], we were able to measure dpop very easily by simply
recording the amplitude of the bright line on the spectrum
analyzer at 2w,,. We note that Doppler broadening played
no role in our experiments as a consequence of Dicke nar-
rowing {26], [27]. ' '

The microwaves were derived from a very low phase-
noise frequency synthesizer (i.e., —63 dBc from 0.5 Hz
to 15 kHz) whose output at 105.2 MHz was multiplied
up into the microwave regime then mixed with the out-
put of a voltage-controlled crystal oscillator (VCXO) at
~102 MHz. The microwaves were attenuated by the com-
bination of a voltage-controlled attenuator (VCA) and a
fixed attenuator (labeled as —dB in Fig. 2) before be-
ing amplified by a +30 dB solid-state amplifier. A sinu-
soidal signal of frequency wn,, was added to a direct cur-



—

00303

—_
(=

g e

o
©
o

P Y - Y

o
»

o
N

Atomic-candle signal’s
normalized 1/Gyeg

Normalized transmitted power
o
o

10 0 10 20
Opts — O (MHZ)

-20

Fig. 3. Cavity resonances as a function of A = whis — we. The
solid line corresponds to the cavity resonance observed using the
traditional power-transmission technique. The circles correspond to
the cavity resonance as observed using the atomic-candle method.
As discussed in the text, the difference between these two curves is
due to the local nature of the atomic-candle method as opposed to
the global nature of the power-transmission method.

rent (DC) voltage in order to provide the VCXO’s con-
trol voltage, V.. The DC level of V. tuned the average mi-
crowave frequency to the 0-0 hyperfine resonance, and the
sine wave provided microwave frequency (i.e., phase, 66)
modulation: d0(t) = mcos(wmt)). In these experiments,
wm /27 = 328 Hz and the modulation index, m, of the
microwaves was 0.74.

Prior to measuring the cavity resonance with the
atomic-candle signal, we studied the cavity with a more
traditional power-transmission technique. Briefly, we used
a directional coupler to measure the reflected microwave
power from the cavity as a function of length, P,.(L); then,
defining P, as the reflected power with the cavity off res-
onance, we approximated the transmitted power, P;(L),
as the difference between P, and P.(L). The solid line in
Fig. 3 shows this transmitted power as a function of the
cavity’s detuning, A., from the 0-0 hyperfine resonant fre-
quency. Basically, A, is a parameter that re-expresses the
cavity’s length in terms of an appropriate cavity resonant
frequency for that length:

_ Thn (TP
A; = wifs — c\/("ﬁ) + (f) = Whfs — We, (4)

where L is the measured cavity length, and z/,,,, is the nth
root of J!, (z) = 0 with J, the derivative of an mth order
Bessel function [23]. For the TEp;; mode, 27, = 3.832
and p = 1.

As Fig. 3 clearly shows, our cavity exhibits two res-
onances near 6.8 GHz separated by about 22 MHz.5 The
lower frequency resonance (i.e., A, < 0) has a ¢, of ~1500,

S5For illustrative purposes, we have chosen the zero of A so that
the two cavity resonances appear nearly symmetrical about Ac = 0.
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and the higher frequency resonance has a Q. of ~2200.
Moreover, the larger amplitude of the low-frequency res-
onance implies that it is better able to couple microwave
power into the cavity. In a separate set of experiments,
in which we examined the cavity without the resonance
cell using the reflected power technique, we also observed
these two resonances. For the empty cavity measurements,
we fixed the cavity length, scanned the input microwave
frequency as we measured the reflected power, and thereby
determined the resonant frequency for each of the modes
at the specific cavity length. Repeating this procedure for
a set of cavity lengths, we then fit the square of the res-
.'E’

2
onant frequencies to ¢? [(—'ﬁﬂ) + (ILE)Q], and obtained

z!... and p values for each of the modes. We found that
both cavity resonances were consistent with the T Ep1y
parameters: for the lower frequency resonance we found
xl,, = 3.769 £ 0.016 and p = 1.04 £ 0.02 and for the
higher frequency resonance we found z,,, = 3.821 £0.015
and p =1.01£0.02.

Because we probe the atoms’ 0-0 hyperfine transition,
angular momentum conservation implies that we are sensi-
tive only to the z-component of the microwave’s magnetic
field, which is defined by our- Helmholtz coil’s DC mag-
netic field to be parallel to the cavity axis. Consequently,
for an ideal cavity, we should be relatively insensitive to
the cavity’s transverse magnetic (TM) modes. However,
the 1.1-cm diameter holes in our cavity, which allow the
laser light to enter and exit the cavity (as well as the mi-
crowave antenna within the cavity), perturb the cavity ge-
ometry and will cause a coupling of cavity modes. Due to
the degeneracy of the T Ep11 and T'M111 modes, it, there-
fore, is likely that the two modes we observe are actually
“hybrid” cavity modes representing a superposition of the
pure T Ep1; and T'Mj1; modes. Because angular momen-
tum conservation indicates that we would be sensitive only
to the T Ep1; component of these hybrid modes, for future
reference and simplicity we will refer to the low-frequency
hybrid as the TE§;; mode and the higher-frequency hybrid
as the TES;; mode.

Returning to the cavity experiments with the resonance
cell, circles in Fig. 3 show our measurements of G as
a function of A, = whss — W using the atomic-candle
method. Similar to the reflected power measurements, we
see two modes with the same widths and spacing.® The
striking difference between these two measurement proce-
dures is the asymmetry in the TEg; and TEj;; modes’
amplitudes. Specifically for the atomic-candle method, it
appears that less gain is required by the TES;; mode in
order to produce a given value of cavity field strength, im-
plying that this mode is better able to couple microwaves
into the cavity. This observation would seem to be at
odds with the results from the power-transmission method.
To resolve this discrepancy, we note that the laser only
probes atoms very near the cavity axis (i.e., R = 2.9 cm,

6Using the atomic-candle method, Q¢ ~ 1700 for the TE§,; mode,
and Q¢ ~ 2700 for the TEgll.
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Tlaser = 0.4 ¢cm), and that the atomic-candle method pro-
vides a local determination of the cavity’s modal features,
specifically the z-component of the microwave magnetic
field strength. Consequently, though the T'E¢;; mode is
globally more efficient at coupling power into the cavity,
the T E§;; mode appears more efficient at localizing the ax-
ial component of the microwave magnetic field in the cen-
tral regions of the cavity in which the atoms are probed.
Here then, we have a rather serendipitous and dramatic
demonstration of the atomic-candle method’s utility for
cavity resonance measurements. Specifically, when coupled
with a more traditional method, the local nature of the
atomic-candle method can “tease out” information on a
cavity mode’s spatial profile.

IV. TEMPORAL VARIATIONS OF THE CAVITY’S
RESONANT FREQUENCY AND QUALITY FACTOR

As suggested in Section I, our primary motivation
for initiating these studies was to investigate temporal
changes in the resonant frequency and quality factor of a
gas-cell atomic clock’s microwave cavity. We hypothesized
that, due to a slow redistribution of alkali metal within
the resonance cell over long periods of time, Q. and/or
w. might “age.” To test this hypothesis, we removed our
glass resonance cell from the cavity, and “drove down” the
rubidium condensed phase to one end of the cell.” Briefly,
we wrapped heating wire around the sides and top of the
cell and heated this to about 60°C; additionally, we placed
heat-sink putty on the cell’s “pull-off” tip (i.e., the small
cylindrical protrusion to which the cell had been attached
to a vacuum system during its fabrication) and connected
this to a metal table separated from the rest of the cell by
foam. We cooled the table down by placing dry ice on it;
and we were able to obtain a temperature gradient across
the cell of something close to 140°C, which we maintained
for ~12 hours. After the dry ice evaporated, the temper-
ature gradient across the cell was roughly 40°C. The con-
densed phase must move to the cell’s cold point for a vapor
in equilibrium with the condensed phase, and we assumed
that after 60 hours nearly all of the Rb had collected in
our cell’s tip.®

Following the drive-down procedure, we placed the res-
onance cell in the cavity, heated the cell to 35°C, and be-
gan a series of measurements on the TE$;; mode’s reso-
nant frequency and Q. These are shown in Fig. 4 by the
open triangles and circles, respectively. Although we saw
no change in the mode’s resonant frequency, there was a
very noticeable change in the cavity mode’s Q. The solid
line is a least squares fit of the data to an exponential form:

1

Qe(t) = Qo +6Qe™ 7, ()

"Prior to this drive-down procedure, the cavity and resonance cell
had been maintained at 62°C for nearly a week.

8Though we could not observe a liquid phase of the alkali in our cell
(there was too little isotopically enriched rubidium in the relatively
large cell for easy visualization), we knew that a condensed phase
must exist because the Rb vapor density in our cell depended on
temperature as expected for a liquid/vapor equilibrium.
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Fig. 4. Cavity-Q and resonant-frequency aging in our microwave cav-
ity. Open symbols correspond to data following the first drive down.
Filled symbols correspond to data following the second drive down.
Circles correspond to cavity-Q, and triangles correspond to the cav-
ity’s resonant frequency.

and we find @, = 1495, §Q = 1255, and 7 = 67 days. At
day 52, we halted the experiment, removed the resonance
cell from the cavity, and repeated the exact same drive-
down procedure. We then placed the resonance cell back
in the cavity at 35°C and continued our measurements of
the TE$,, mode’s resonant frequency and quality factor;
these are shown as filled triangles and circles, respectively,
in Fig. 4. As the data clearly show, although the resonant
frequency was unaffected by the second drive down, the
cavity-Q recovered to its initial value.

We hypothesize that the cavity-Q’s decay is due to a re-
distribution of condensed phase Rb within the resonance
cell, perhaps in the form of a film coating the inside glass
surface. Several lines of argument lead us to this conclu-
sion. First, whatever the mechanism responsible for the
cavity-Q’s decay, it cannot be associated with a change in
the electrical dimensions of the cavity /resonance cell; oth-
erwise, the cavity detuning corresponding to the TE§;;
mode would have changed during the course of the ex-
periment. Furthermore, because we had observed that the
cavity-Q depended on the placement of the resonance cell
within the cavity, at one point we were tempted to explain
the decay as arising from resonance-cell “creep” within the
cavity (i.e., over a period of days, the resonance cell might
undergo a mechanical relaxation of its position within the
cavity). However, for each data point shown in Fig. 4, we
obtained the T'E§;; mode lineshape by increasing the cav-
ity length from “zero,” which corresponded to the cavity
ends just touching the glass resonance cell. This had the
effect of repositioning the resonance cell in the cavity for
each of the data points, thereby eliminating any effact of
creep over the long-term test. In fact, we believe that some
of the variability among the data points shown in Fig. 4
may be due to this repositioning. Finally, the cavity-Q’s re-
covery to its initial value following the second drive down
argues forcefully for an alkali redistribution effect. Even
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the relatively fast (i.e., 7 ~ 10 days) cavity-Q decay af-
ter the second drive down is consistent with the evolution
of an alkali film. Because surface diffusion coefficients can
change by orders of magnitude, depending on the rela-
tive surface coverage [28], it is not difficult to imagine that
there were differences in the initial surface coverage follow-
ing the first and second drive-down procedures given the
differences in the resonance-cell’s history in the two cases.
We also note that the anticipated time scale for cavity-Q
degradation due to film evolution is consistent with our
findings: given that surface diffusion coefficients can be on
the order of 10~% cm?/s,% our resonance cell surface area
of 102 ¢cm? would imply a multimonth time constant for
complete coverage.

V. CONSEQUENCES FOR GAs-CELL CLOCK
FREQUENCY AGING

As already mentioned, changes in the cavity-Q of a gas-
cell clock will affect the clock’s frequency as a result of the
position-shift and/or cavity-pulling effects. In this Section,
we want to estimate the magnitude of these effects for a
clock based on the present experiment’s TE§;; mode. Al-
though we recognize that our cavity-Q is roughly a factor
of 5 to 10 times larger than that of typical clocks, the
present exercise nonetheless has merit as it places an up-
per bound on the frequency variations that might occur
in these devices. As shown below, this upper bound is ac-
tually quite large, and it suggests that cavity-Q variations
may play a role in the long-term stability of Rb atomic
clocks.

According to Sarosy et al. [32], the position-shift ef-
fect’s dependence on microwave power in commercial Rb
frequency standards can be as large as 3 X 10~!1/dB. How-
ever, physical considerations lead us to expect the position
shift to depend not so much on the input power, P, but
on the energy density, E, within the cavity. Therefore, we
expand the atomic clock’s frequency, weik, in a Taylor se-
ries about the nominal cavity energy density, E,, to obtain
dwek = Qggk E=E, SE. Because the energy density scales
like Q.P, 0E ~ Q0P+ P§Q., and so the fractional change
in the position shift due to a microwave power or cavity-Q
variation, §[Ayposition}, May be written as:

E=E, (% i %> ' (6)

Based on the results of Sarosy et al. [32], a 0.23 relative
change in microwave power can give rise to a 3x 107! frac-

Eo dwey

; wex OF E=E,

1.3x10710. Thus, we expect §[Ayposition] ~ 10710(6Q/Qc)-
The fractional frequency shift due to cavity pulling can

be written as Aypun = 9“%5%?(“—1%)2, where a is a parame-

ter representing the degree of coupling between the atoms

E, dw
6. [Ayposition] = el ag,k
: c

tional frequency change, implying that

9See for example [29], [30], [31].
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and the cavity, S is a saturation parameter, and Q, is the
atoms’ quality factor [3], [6]. In gas-cell clocks, o ~ 1072,
S ~ 2, and Q, ~ 107; thus, for a relative cavity detuning
on the order of Q7, 8[Aypun] ~ 3 x 1071°(6Q/Q.). Thus,
the position-shift and cavity-pulling effects can be of the
same order of magnitude; therefore, we express the upper
bound on frequency aging due to cavity-Q variations as:

6wclk(t) 10 (SQ(t) (7)

Welk

4 x 10 00

Substituting from (5), we get a cavity-Q induced,
frequency-aging rate of roughly 3 X 10~'?/day at short
times t, just after a clock’s turn-on. This is of the same
order of magnitude as a recent measurement of initial fre-
quency aging in a high-quality Rb clock onboard a geosyn-
chronous satellite, and more than an order-of-magnitude
larger than the clock’s eventual quiescent frequency-aging
rate [33].

VI. SUMMARY

We have used an atomic-candle signal to investigate the
long-term aging of a gas-cell clock’s microwave cavity; and
for the first time, we have obtained evidence pointing to
a role for alkali redistribution (within the resonance cell)
in the gas-cell clock’s frequency stability. Additional work
in this area is certainly warranted. In particular, there is
a lack of knowledge regarding alkali surface diffusion on
various types of glass; and, given the present findings, this
could be a very fruitful area of investigation. Moreover, we
have found that, when our atomic-candle method is com-
bined with more traditional methods, the combination has
the potential to yield information on spatial mode profiles
within the cavity. Consequently, although we have used the
atomic-candle method to investigate cavity resonances in
the specific case of the rubidium atomic clock, we believe
that the method will have much wider applicability.
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